Introduction
The ability of organic molecules to form self-organised structures on metallic surfaces has attracted considerable attention during the last decade, due to their potential application in a wide range of emerging technologies such as nano-electronics and solar energy conversion. Nowadays, complex hybrid interfaces with pre-dened functionalities can be created almost routinely by controlling the shape and composition of the supramolecular pattern.
1-3 However, despite these achievements, the rational synthesis of such superstructures remains a difficult task. In fact, the atomic-scale order of the molecular assembly results from the delicate balance between all the possible types of interactions, of either chemical (covalent or ionic bonding) or physical origin (vdW bonding, dipole-dipole, etc.), taking place during the deposition process. Further complications arise for molecular deposition on reactive surfaces, as the spectrum of interactions includes not only those occurring between the individual adsorbates, but also those between the latter and the substrate.
The systems which are probably the most exemplifying ones of such natural complexity are those in which the driving force for the self-assembly process is the result an ensemble of multiple competing interactions. In these systems, the relative equilibrium between these competing interactions might be altered depending on the precise experimental conditions under which the self-assembly process develops, such as the sample temperature or the molecular coverage. As a result, for a given combination of substrate and adsorbate, different polymorphic phases can be obtained depending on the ne-tuning of the experimental conditions.
4-7
Hitherto, a considerable number of studies has focused either on the use of direct inter-molecular interactions, [8] [9] [10] [11] [12] [13] [14] [15] or of coordinating metallic centers, 16 either supplied in a second deposition step, [17] [18] [19] [20] or being already present on the surface in the form of diffusing adatoms, [21] [22] [23] [24] to mediate the self-assembly process. On the other hand, while it is generally acknowledged that the presence of periodic molecular arrays may perturb the substrate electronic structure, [25] [26] [27] the role of direct moleculesurface bonding has been rarely investigated. 34, 35 have revealed that the interaction between the molecule and the surface is rather weak, and the charge transfer between them negligible. The observed self-assembled structure has been claimed to be the result of the stabilization induced by N/H hydrogen bonds between neighbouring molecules. A very similar arrangement has also been found when the same molecules are deposited on graphene grown on Ir(111).
36
On the other hand, a charge transfer-mediated strong molecule/substrate interaction appears to be an important factor governing the adsorption of this family of molecules on low-index copper surfaces. [37] [38] [39] In particular, the bonding between the molecular cyano groups and the surface atoms is strengthened as a result of the transfer of electrons from the surface to the molecule, which charges it negatively and enhances its exibility. Such strong interaction not only modies the molecular charge state and geometry, but also induces a complex surface reconstruction, which in turn mediates the molecular self-assembly process.
39 Adsorptionmediated surface reconstructions have also been observed for TCNE on the same surfaces.
40
On Cu(111), most of the studies the have been focused on properties of the isolated molecules, rather than their monolayers. It has been demonstrated that TCNE co-exists in several different adsorption congurations, each one having different electronic properties depending on the extent of the molecular deformation. 41 The interface between an isolated F4-TCNQ 37, 38 molecule and the Cu(111) surface has been also found to involve a strongly bent molecular geometry, as a result of the strong interaction with the metal. Recently, it has been suggested that such interaction is thermally activated.
42
Early studies on TCNQ/Cu(111) 43, 44 have pointed out that, in analogy with TCNQ/Cu(100) and F4-TCNQ/Cu(111), the molecules are negatively charged upon deposition on the surface. Aer adsorption at room temperature, and subsequent imaging at 77 K, the absence of isolated molecules on the terraces has been interpreted as a sign of the strong inter-molecular interaction and high mobility at room temperature. 44 Disordered regions have been found to co-exist with a variety of different ordered patterns organized in small domains. In this work, we use scanning tunnelling microscopy (STM) under ultra-high vacuum (UHV) conditions to show that, by tuning the experimental growth conditions, it is possible to control the formation of the different superstructures of TCNQ on Cu(111), which can thus be grown in much larger and homogeneous domains. We complement these experiments by accurate calculations based on density functional theory (DFT) including van Waals (vdW) interactions for both the isolated molecule and the two observed superstructures. We argue that the two superstructures are formed by two mutually orthogonal adsorption congurations of the isolated molecule. The relative energetic stability of the models of the two superstructures based on these two congu-rations is in agreement with the experimental observations.
Experimental details
The experimental measurements have been performed in an ultra-high vacuum (UHV) chamber with a base pressure of 3 Â 10 À11 Torr equipped with a variable temperature scanning tunnelling microscopy (STM). The Cu(111) crystal has been cleaned according to usual cycles of Ar + ion sputtering (1.5 keV)
followed by annealing to 900 K. The TCNQ molecules (solid compound) have been sublimated at 350 K from a glass crucible heated by a tungsten lament. The STM images have been measured at room temperature (RT) by a variable temperature STM which has been operated in the constant current mode using etched tungsten tips cleaned in UHV. 45 
Computational details
The theoretical analysis has been performed using Density Functional Theory (DFT) and the projector augmented wave (PAW) method 46, 47 to describe the ionic cores, as implemented in VASP.
48
The adsorption of aromatic molecules on metals is a theoretical challenge, due to the signicant contribution of the van der Waals interactions to the van der Waals adsorption energy and geometry. 49, 50 Such contributions are missing in most common used functionals within the local (LDA) and the generalized-gradient (GGA) approximations, usually employed to model solid-state systems and surfaces within DFT. 51 To overcome this shortcoming, we have used two different approaches that consider explicitly the dispersion component in the evaluation of the total energy. In the rst one, the vdW contribution has been included using a semi-empirical potential on top of the DFT energy (DFT+D2), 52 calculated employing the GGA/PBE functional. 53 Although this approach has been successfully used to describe the geometries of organic molecules and monolayers on metallic substrates, 49, 50, 54, 55 it is also known to overestimate their adsorption energies, due to the neglect of the expected screening of the metallic substrate.
49,56
Therefore, we have also checked the reliability of the results obtained with DFT+D2 by performing a second set of calculations with the vdW-DF functional, 57 using the OPT86B exchange term. 58, 59 Since the latter approach is computationally much more expensive than the former, we have used the DFT+D2/PBE method during the structural optimizations, and computed the vdW-DF total energies by performing single-point calculations on the DFT+D2/PBE optimized geometries.
To model the isolated TCNQ molecule on Cu(111) we have used a four-layer slab and a 5 Â 6 surface unit cell. The surface lattice parameter of Cu(111) has been set to the experimental value a ¼ 2.56Å. 60 The structures have been optimized sampling the Brillouin zone at the G-point with a convergence criterion for the forces equal to 0.01 eVÅ À1 . During the structural optimization, the two topmost surface layers and the molecule have been allowed to move. The total energies have been then computed using a regular grid of 3 Â 3 Â 1 k-points (for some selected calculations a 5 Â 5 Â 1 k-points grid has been also used). The transition paths between different congurations have been computed using the Climbing-Image Nudged Elastic Band (CI-NEB) method, 61 and a 3 Â 3 Â 1 k-points grid. Two different models of the full TCNQ monolayer on Cu(111) have been also considered, corresponding to the two superstructures observed experimentally. The models have been described using supercells of different size. For that representative of the complex one, we have used 288 Cu atoms (4 metal layers) and 5 TCNQ molecules, while for that representative of the orthogonal one we have used 136 Cu atoms (4 metal layers) and 2 TCNQ molecules. We have optimized both structures sampling the Brillouin zone at the G-point with a convergence criterion for the forces of 0.05 eVÅ À1 , allowing the two topmost metal layers and the molecules to relax. In order to ensure that the computed adsorption energies were meaningful despite of the different unit cells employed, we have checked that the calculated trends in the adsorption energy are maintained when the number of k-points is increased, by computing the adsorption energies of the complex model using a G point only and a G-centered 2 Â 2 Â 1 k-points meshes, and the adsorption energies of the orthogonal model using a 3 Â 3 Â 1 and a 5 Â 5 Â 1 k-points meshes. In all the supercells considered, a vacuum layer larger than 15Å has been used. STM images have been calculated using the Tersoff-Hamann approximation. 62 
Experimental results
TCNQ molecules evaporated under UHV conditions on Cu(111), with the substrate held at room temperature, tend to form aggregate into large islands on the terraces. The molecular lms grown under these conditions lack of long-range ordered domains, as shown in Fig. 1 , where small domains of ordered molecules coexist with disordered regions. Similar results were previously obtained by Kamna et al. 44 The observation of the coexistence of multiple local TCNQ arrangements suggests the coexistence of different adsorption congurations for TCNQ on Cu(111). At this point, it is also worth noticing that the absence of isolated TCNQ molecules in the STM images, which was already noticed in the experiments by Kamna et al., 44 seems to indicate high mobility of the molecule on Cu(111) at room temperature.
Long range domains can be achieved by annealing the sample, up to 350 K, aer TCNQ deposition at RT. Annealing in fact allows the molecules to rearrange according to the minimum energy conguration by increasing their kinetic energy. At difference with the image shown in Fig. 1 , STM images taken aer annealing show highly ordered domains extending more than 150 nm (see Fig. 2a ). The local arrangement of the molecules can be described by a rhombus-shape unit cell containing ve TCNQ molecules. In Fig. 2b we show a sketch of a model that can account for the TCNQ arrangement observed experimentally, in which the unit cell presents a rhombus-shape. The lateral size of the unit cell measured in the STM images gives a length of 47.6Å for the long diagonal and 19.5Å for the short one. These values agree well with those obtained in the calculations (see below). The unit cell of this structure can be described in matrix notation as 7 À4 11 4
based on the DFT calculation model (see below). In this complex structure, the three TCNQ molecules at the center of the unit cell locally arrange perpendicular to the unit cell long axis, whereas the remaining two molecules at both ends of the unit cell arrange parallel to the unit cell long axis. High-resolution measurements performed at 4.6 K fully support this assignment, showing that the two molecules at both ends of the unit cell are orthogonal to the three central ones.
A different scenario occurs if the TCNQ deposition is carried out keeping the substrate temperature at 350 K. In this case, a new molecular arrangement is observed (see Fig. 3a ). In this new arrangement the TCNQ molecules form an orthogonal structure in which two neighbouring molecules are rotated by 90 one with respect to the other (see Fig. 3b ). In this gure we present a model that can account for the observed arrangement. In this case, the unit cell is a parallelogram that contains two molecules, has a lateral size of 16Å Â 8Å and is described in matrix notation as 6 0 5 4
. Also in this case, this assignment in which two molecules in each unit cell are mutually orthogonal is fully supported by high-resolution measurements at 4.6 K. The presence, in the two stable structures, of molecules perpendicular to each other implies that at least two different adsorption congurations occur in the TCNQ monolayer on Cu(111) surface, as the latter has hexagonal symmetry.
Theoretical results
The formation of the two patterns observed experimentally can not be explained by considering only intermolecular interactions as the driving force for the assembly. In both cases, the close vicinity of the electronegative cyano groups of neighbouring molecules would result in an unfavourable electrostatic repulsion, preventing the formation of an ordered monolayer in extended domains. Therefore, other effects balancing the unfavourable intermolecular interactions must be present, as also suggested by the fact that the different superstructures can be obtained depending on the precise experimental conditions. Fig. 4 shows the two lowest energy congurations, among all those considered, for an isolated TCNQ molecule adsorbed on Cu(111), as calculated using DFT+D2/GGA. The geometry of the most stable conguration (T1, see Table 1 ) is shown in Fig. 4a and b. The calculated adsorption energy of 3.72 eV (3.30 eV using the vdW-DF and the same k-points grid) is indicative of a strong interaction between the molecule and the surface. In this geometry the long axis of the molecule is aligned with the surface high symmetry direction [1 20 ]. The molecule is strongly bent, with the phenylene ring lying on top of a Cu atom and 3.33 A over the surface plane, 1.31Å above the four N atoms (see Table 2 ). The Cu atoms sitting right below the cyano groups are lied up by 0.18Å with respect to the surface plane, similarly to what observed previously for TCNQ/Cu(100) 39 and TCNE/ Cu(100). 40 As in the case of TCNQ/Cu(100), 39 the bending of the molecule occurs because of the charge transfer from the surface, which destroys the typical conjugation of gas-phase TCNQ, enhancing its conformational freedom. Indeed, an analysis of the charge transfer based on Bader partition of the electronic density 63 indicates that, upon adsorption on Cu(111), the molecule gains about 1.4 electrons, and that the negative charge is concentrated on the nitrogen atoms. The comparison between the charge redistribution upon TCNQ adsorption (Fig. 4c) and the frontier molecular orbitals of gas-phase TCNQ ( Fig. 4g and h ) support the idea that the electrons are transferred from the surface to the LUMO of the neutral molecule. Similarly to the case of F 4 -TCNQ on Cu(111) 37 and Ag(111), 64 there is also a weaker back-donation to Cu(111) from deeper molecular orbitals localised mainly on the cyano groups. The geometry of the second most stable conguration (T2, see Fig. 4d and e) is aligned with the surface [1 11 ] high symmetry direction. By comparing the relevant molecular parameters of the two congurations in Table 2 , it can be seen that, when the molecule is adsorbed in the T2 conguration, the phenylene ring lies closer to the surface (3.07Å), 0.97Å above the four nitrogen atoms, i.e., the molecular geometry is atter than in T1. The larger distance between the TCNQ nitrogen atoms and the underlying Cu atoms, and the smaller displacement of the latter from the surface plane, suggest that in this case the Cu-N bonding is weaker than in the case of the T1 conguration, which is consistent with the lower adsorption energy.
When the molecular aromatic ring sits above a bridge site (B conguration), the picture is slightly different. Even if the geometrical parameters (see Table 2 ) suggest a stronger interaction between the cyano groups and the surface than that present for the molecule having the T2 conguration, the adsorption energy is only À2.69 eV (see Table 1 ), 0.98 eV lower than that of T2 (DFT+D2/PBE level of theory and 3 Â 3 Â 1 k-points grid, see Table 1 ). This last result remains unchanged if the vdW-DF is employed. This means that, in addition to the hybridization of the cyano groups with the surface, also the position of the aromatic ring above the surface has an inuence in determining the energetics of adsorption.
The adsorption energy of T1 and T2 differs only by 50 meV (80 meV using the vdW-DF). Fig. 5 shows the energy path for the interconversion between these two congurations. It can be seen that no other minima are present along this path, and that the barrier calculated using DFT+D2 is fairly high (0.63 eV).
The DFT+D2 energy decomposition diagram associated with the interaction between the isolated molecule and the Cu(111) surface for minima T1 and T2, shown in Fig. 6 , provides an insight into the role of the deformations of each fragment in the energetics of the adsorption process. In the case of T1, the energy loss associated with the deformation of the molecule, DE def.,TCNQ (T1) ¼ +0.74 eV, and of the substrate DE def.,Cu(111) (T1) ¼ +0.57 eV, from 
and second most stable configuration (T2) for an isolated TCNQ molecule with its ring on top of a copper atom. The adsorption energies for the isolated molecule having its ring placed at the bridge site (B), is also shown Table 1 Cong. However, the energy gain associated with the interaction of the distorted fragments is larger for T1, DE int. (T1) ¼ +5.03 eV, than for T2, DE int.1 (T2) ¼ +4.64 eV, leading to a larger stability of the T1 minimum with respect to the T2 minimum. The origin of such trend can be understood by considering that the larger distortions in T1 lead to a more favourable overlap, compared to T2, between the molecular orbitals involved in the moleculesurface bonding and the Cu(100) electronic bands, resulting in the larger stability of T1 with respect to T2. Overall, the results obtained for the isolated TCNQ molecule on Cu(111) suggest that, among all the possible adsorption congurations considered, the T1 and T2 congurations shown in Fig. 4 will be the most frequently occupied. Indeed, a mixture of the T1 and T2 congurations is well suited to construct the two superstructures observed experimentally. Fig. 7a and 8a show the optimized geometries of the complex and orthogonal superstructures, respectively, constructed by using geometries T1 and T2 as building blocks. The simulated STM images shown in Fig. 7b and 8b are in excellent agreement with the experimental data, demonstrating the Fig. 5 Interconversion between the two adsorption configurations shown in Fig. 4 , calculated using the CI-NEB method. (a) Top view of the geometries and energies relative to the most stable adsorption configuration (T1), the configuration at the maximum of the barrier (MAX), and the second most stable configuration (T2). Cu, C, N and H atoms are printed in brown, cyan, blue and white, respectively. (b) Reaction path for the interconversion. In both axis, the 0 is placed at the most stable adsorption configuration. Fig. 6 Energy decomposition diagram calculated for minima T1 (blue line, squares) and T2 (red line, circles). The values reported at each step correspond to the overall energy variation with respect to that given by the sum of the undeformed, non-interacting fragments. The energy variation DE on the Y-axis is scaled with respect to that given by the sum of the two undeformed, non-interacting fragments. The insets show the geometries used to calculate each energy contribution at each step for minimum T1. reliability of these two models in describing the observed patterns. In the monolayer, each molecule behaves very similarly as in the isolated case. The charge transfer between each molecule and the surface (1.3 electrons per molecule, according to Bader's analysis of the electronic density) enhances the molecular exibility, strengthening the interaction between the cyano groups of the molecule and the underlying Cu atoms. Table 3 lists the adsorption energies of the two superstructures calculated at different levels of theory and k-points meshes. It can be seen that, independently of the functional and k-points mesh used, theory predicts the complex structure to be favoured over the orthogonal one by $0.3 eV per molecule. The higher stability of the complex structure is in agreement with the experimental observation that an annealing treatment leads to the formation of large areas of this pattern. As speculated previously in the case of F4-TCNQ, 38 the lower adsorption energies of the monolayer, compared to those of the isolated molecule, might be due to the small lattice parameter of Cu(111), which forces the molecules in the densely packed layer to adopt an highly distorted geometry. Furthermore, it should be noticed that the interconversion energy barrier between the T1 and T2 congurations is considerably larger than that corresponding to the temperature at which the experiments are carried out. As the chemistry involved in this interconversion process can be expected to be rather similar to that associated with the transition from the complex to the orthogonal selfassembled structures, it is reasonable to assume that the two processes will have comparable energy barriers. This explains why a spontaneous interconversion between the two selfassembled structures is not observed even in the roomtemperature experiments.
The higher stability of the complex pattern, in addition to the higher T1 : T2 ratio, can be associated with its sparser packing. On the one hand, the strain induced by the surface reconstruction, due to the molecular adsorption, will be accommodated more efficiently, if large areas of free surface are present within the monolayer structure. Indeed, this is the case for the complex structure, which presents relatively large portions of the unit cell in which the Cu(111) substrate remains exposed even aer adsorption. This characteristic is reected also in the larger surface area available per molecule (81.26Å 2 per molecule) compared to the denser orthogonal one (67.72Å 2 per molecule). On the other hand, the complex structure also presents a larger variety of bonding patterns involving the electronegative cyano groups than the orthogonal one. In both structures, the unfavourable contribution deriving from the close vicinity of the negatively charged cyano groups belonging to neighbouring TCNQ molecules is counterbalanced by the upward shi of the underlying copper atoms. However, in the orthogonal geometry, every nitrogen atom bonded to the surface is close to other three nitrogen atoms. Whereas the complex structure also presents bonding situations in which each nitrogen has only two other neighbours. This will decrease the average number of neighbours per nitrogen atoms in the complex structure (2.4 neighbours per atom), with respect to the orthogonal structure (3 neighbours per atom). While the favourable contribution per Cu-N bonding pair is comparable in the two structures (all the copper atoms below a nitrogen atom tend to relax outward by the same amount), the smaller electrostatic repulsion within each unit cell will tend to favour energetically the complex structure.
Conclusions
In this paper we have shown that the self-assembly pattern obtained by depositing TCNQ molecules on Cu(111) under UHV conditions can be controlled by varying the growth conditions under which the molecular deposition is carried out. A complex structure, with ve molecules per unit cell, is formed if the molecular deposition proceeds by keeping the substrate at room temperature and then annealing up to 350 K, whereas an orthogonal structure, with two molecules per unit cell, is obtained by depositing the molecule while keeping the substrate temperature xed at 350 K. A theoretical analysis based on accurate density functional theory (DFT) simulation shows that the two superstructures are possible due to the presence of two almost degenerate adsorption congurations for the isolated TCNQ on Cu(111). The experimental results suggest a kinetic origin of the interconversion process. Theoretical simulations, which provide additional information on its thermodynamics, show that when these two congurations are considered as building blocks for the observed superstructures, the model representative of the complex structure is energetically more stable than that representative of the orthogonal one.
